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ATP is the primary chemical energy source for the
cell bioenergetics, but other substances participate in
buffering the intracellular energy stores [1]. This buff�
ering is achieved by the phosphagen kinase systems
that consist of a specific kinase and its cognate phos�
phagen, which function as a large pool of 'high�energy
phosphates' utilized to replenish ATP during periods
of high energetic demand. In vertebrate tissues, the
only phosphagen is phosphocreatine (PCr), and the
corresponding phosphotransferase is creatine phos�
phokinase (CK). Creatine (Cr, N�aminoiminometh�
yl�N�methylglycine) is synthesized from the amino
acids arginine, glycine and methionine [2]. Cr is pro�
duced endogenously by the liver, kidney, pancreas, and
to some extent by the brain [3, 4]. Besides, it can be ac�
quired exogenously through diet, as it is contained in
fresh meat and fish [5]. Once transported into the
cells, Cr is transformed into phosphocreatine (PCr),
by CK, through a reversible transphosphorylation re�
action, which involves ATP hydrolysis [6]. Almost all
of the Cr in the body is located in the skeletal muscle
in either the free (Cr: approximately 40%) or the phos�
phorylated (PCr: approximately 60%) form. The
CK/PCr system plays an integral role in energy buffer�
ing and overall cellular bioenergetics [7]. In fact, the
reaction is reversible, so that ATP can be generated
from PCr, basing on the cellular energetic necessities.
CK is a ubiquitous enzyme, located at strategic intra�
cellular sites so as to couple the areas of high energy
expenditure to those of efficient regeneration of ATP
[8]. Several isoforms have been described: one ubiqui�
tous, one sarcomeric, two mitochondrial (mtCK), and
three cytosolic, whose amino acid sequence is consid�

erably conserved [9, 10]. Whereas MM�CK is ex�
pressed in the skeletal and cardiac muscle, MB�CK is
exclusive of the cardiac muscle [11], and BB�CK is ex�
pressed in smooth muscle and in most non�muscle tis�
sues [12, 13]. MtCK and cytosolic CK are linked in a
so�called PCr/Cr�shuttle [14, 15]. PCr generated by
mtCK in mitochondria is shuttled to the cytosolic CK
that is intimately associated with the ATPases [16].
Therefore, by the conversion of PCr to Cr it is possible
to recharge the cellular ATP pool for ATPase linked
processes. Thus the role of PCr would also be as a
“portable” form of cellular chemical energy that can
be exchanged between subcellular ATP production
sites (mitochondria and cytosol) and those of energy
utilization (ATPases), forming a functionally coupled
micro�compartment [17]. 

Due to this energetic capacity, Cr is part of dietary
supplements for athletes, since it can improve athletic
performance and muscle development [18, 19]. In
fact, Cr has been shown to enhance performance in
certain contexts with few adverse effects. In the athlete
supplements another compound derived from Cr, i.e.
the creatine ethyl ester (CEE), is often present. It has
been suggested that the bioavailability of creatine is
improved when CEE is ingested instead of creatine
[20]. However, the role of CEE is poorly understood.
It is only known that, inside the body, CEE can be
converted to Cr, increasing the level of the phosph�
agen. 

In the present paper we studied CK activity using
CEE as a substrate and determined the kinetic param�
eters of this reaction. Data is discussed according to
the hypothesis that the conversion of CEE into its
phosphorylated form also occurs in vivo. 
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EXPERIMENTAL 

Creatine kinase assay, using creatine ethyl ester as
substrate. Enzyme activity was measured by the en�
zyme coupling method of Bergmeyer [21] using the
pyruvate kinase/lactate dehydrogenase system in
which hydrolysis of ATP is coupled to the oxidation of
NADH. The reaction mixture contained: 100 mMTris
HCl, pH 7.5, 2 mM MgCl2, 75 mM KCl, 2 mM ATP,
0.5 mM phosphoenolpyruvate, 0.16 mM NADH,
10 IU of piruvate kinase and lactate dehydrogenase
mix, 5 IU of creatine kinase (CK), in a final volume of
1 ml. The reaction was started by addition 50 mM of
creatine ethyl ester (CEE), creatine (Cr), or creati�
nine. NADH oxidation was monitored spectrophoto�
metrically by the decrease in absorbance at 340 nm
(ε340 = 6.22 mM–1 cm–1). 

Kinetic studies. For kinetic studies, the CK assay
was carried out varying the concentration of CEE
(10–50 mM). The results were analyzed by a double
reciprocal Lineweaver–Burk plot. Km and Vmax were
computed from these plots. The same experiments
were performed with Cr. 

The effect of pH and temperature on enzymatic ac�
tivity. The CK activity on CEE was measured in a pH
range from 6 to 9, using 100 mM HEPES buffer. The
effect of temperature on enzyme activity was investi�
gated in the temperature range 20–75°C. Reaction
temperatures were adjusted in a temperature�con�
trolled water circulation bath.

RESULTS 

The course of CK reaction was linear with time
when CEE was used as a substrate (fig. 1a). In the
presence of Cr (the standard CK substrate) enzyme
activity was about six folds higher than with CEE as a
substrate. CK activity was assayed also in the presence
of creatinine, the heterocyclic derivate of Cr, and in
this case the activity was undetectable (fig. 1b). 

For kinetic analysis, CK assay was performed at
various CEE concentrations. Km and Vmax values were
calculated using the double reciprocal Lineweaver–
Burk plot. Fig. 2a, shows the rate of ATP hydrolysis as
a function of the CEE concentration (10–50 mM). In
fig. 2b the Lineweaver–Burk plot indicates that the Km

value for CEE was 13.9 ± 2.1 mM, while Vmax value
was 2.1 ± 0.3 μmol hydrolyzed ATP formed/min.
Moreover, under the same assay conditions, Km for Cr
was 7 ± 0.9 mM and Vmax was 4.7 ± 0.7 μmol hydro�
lyzed ATP/min. 

Study of the pH dependence of CK activity with
CEE as a substrate in the pH range between 6 and 9
demonstrated the existence of an optimum at pH 7.5
(fig. 3). At pH 8, the CK activity is similar to the value
observed at the optimal pH, while it decreases by about
50% when the pH is increased or decreased by 0.5, and
by about 75% below pH 7 or above pH 8.5. The tem�

perature dependence of CK activity in the presence of
CEE, assayed at pH 7.5, showed 35°C to be optimal
for CEE phosphorylation (fig. 4). The CK activity de�
creased by about 75% at temperatures above 40°C,
and was absent above 60°C, indicating that the en�
zyme is not termostable. Below 35°C CK looses part
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Fig. 1. a – The time course of the creatine kinase activity
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ter is about 63% less than in the presence of creatine. 
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Fig. 2. Kinetic parameters of creatine kinase in the pres�
ence of creatine ethyl ester. a – The rate of ATP hydrolysis
as a function of CEE concentration (10–50 mM). To cal�
culate Km and the relative Vmax values for creatine ethyl
ester, the Lineweaver–Burk plots is presented in panel b.
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periments. 
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of its activity: the decrement is about 50% at 25°C and
75% at 20°C. 

DISCUSSION 

The present biochemical study shows that CEE is a
new substrate for CK, which can transform it into the
phosphocreatine ethyl ester (PCEE), a new phosph�
agen compound (fig. 1a, b), even though its catalytic
activity is lower than that observed with Cr (fig. 1b).
Data are confirmed by a kinetic study (fig. 2), which
also suggests that the conversion is due to the enzy�
matic activity. CK affinity for CEE (Km 13.9 mM) was
also lower than that for Cr (Km = 7 mM). On the other
hand, CK activity on creatinine was undetectable,
suggesting that the result with CEE is not due to an as�
pecific action. Optimal pH and temperature values for
the conversion of CEE into PCEE were estimated to
be 7.5 and 35°C, respectively (fig. 3 and fig. 4). Over�
all, data suggested that CEE can be utilized by CK as
a substrate, most likely in order to increase the phos�
phagens pool. CEE is presently used in several parap�
harmacologic dietary supplements to increase athletic
performance or to improve the energetic status in
pathological condition, however, it is considered to be
a creatine source. It is tempting to presume that CEE
is transformed to PCEE, contributing to the ATP bal�
ance, improving the phosphagen pool. The latter plays
a fundamental role in tissues where energy demand is
high, such as muscle, heart or brain. In fact, brain
spends up to 20% of the body’s energy, even though it
represent only about 2% of body mass [22]. The role of
these molecules on neuronal activity in healthy and
pathological conditions is well known. During physio�
logical function of neurons, an effective coupling of
ATP�generating and ATP�consuming processes is
needed to maintain a sufficiently high energy transfer
since cellular processes are widely distributed and sites
of high�energy consumption are often localized at re�

mote locations from the neuronal cell body, i.e., at the
synapses [23]. For this reason, the CK/phosphagen�
system is assumed to play a critical function in neu�
ronal ATP metabolism [24] in the brain and spinal
cord [25]. Cr supplementation may lead to improved
functions of these systems. Indeed, positive effects of
orally administered Cr on mental performance have
been reported in healthy volunteers in a controlled
double�blinded study [12]. In the brain PCr depletion
is associated with disruption of neuronal functions,
e.g., loss of hippocampal mossy fiber connection [25],
and changes in the mitochondrial structure, showing
intramitochondrial uMt�CK�rich inclusion bodies
[26] that are typical for several clinical pathological
conditions, such as encephalomyopathies and mito�
chondrial myopathies [12]. In several cases PCr loss
determines mental retardation, speech delay, autism
and even brain atrophy [27]. Diet integration with Cr
was recently proposed to improve these pathological
conditions. Recently, also CEE diet supplementation
was shown to play a pivotal role in improving cognitive
capacity [28, 29], what may depend on a direct effect
of PCEE deriving from CK activity or on CEE conver�
sion to Cr. However, it was recently reported that CEE
can be cyclized into creatinine through a non�enzy�
matic reaction at physiological conditions encoun�
tered during its transit into the gastrointestinal tract.
Since this causes a rise in the creatinine blood level
[30, 31], this implies that elevated serum creatinine
does not always indicate impaired renal function, but
may depend on the use of CEE supplements [30]. Da�
ta reported herein suggests that CEE may increase
cognitive capacity, not only because it is a Cr source,
but also because it may become a substrate of CK
which transforms it into PCEE, a new phosphagen
molecule. 
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Fig. 3. pH�dependence of creatine kinase activity in the
presence of 50 mM creatine ethyl ester. Enzymatic activity
was measured in the pH range of 6–9 and expressed as
IU/ml of the volume assay. Each point represents the
mean ± SD of five different experiments. 

Fig. 4. Temperature�dependence of creatine kinase activi�
ty in the presence of 50 mM creatine ethyl ester. Activity
was measured within the temperature range of 20–75°C
and expressed as IU/ml of the volume assay. Each point
represents the mean ± SD of five different experiments. 
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